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Previously, mutational analyses of the DNA binding domain of the bovine papillomavirus E1 protein (E1DBD) identified
several hydrophobic residues that are critical for DNA binding activity (M. West, D. Flanery, K. Woytek, D. Rangasamy, and
V. G. Wilson, 2001, J. Virol. 75, 11948–11960). Hydrophobic interactions of nonpolar amino acid side chains can contribute to
the function of DNA binding proteins through both conformational effects and direct interaction with nucleotides. To further
investigate the role of hydrophobic residues in E1DBD function, a more extensive site-directed mutational analysis of
hydrophobic amino acids was conducted. Alanine substitutions were made at residues V196, F197, F217, F, 237, V246, L249,
and F276, and the mutants were tested for DNA binding activity in vitro and in vivo. The E1 F237A and F276A mutants were
completely defective for site-specific DNA binding, while the other mutants retained partial to full wild-type binding activity.
Consistent with their DNA binding defect, the F237A and F276A mutants were severely impaired for the ability to support
transient in vivo replication of an origin plasmid. Combined with our previous study, five critical hydrophobic residues have
been identified: F175, V193, F237, V246, and F276. These five residues localize to two internal clusters in the E1DBD structure
designated hydrophobic clusters A (HCA; includes F175, V193, and F276) and B (HCB; includes F237 and V246). Amino acid
side chains from residues in HCA and HCB have little surface accessibility and it is unlikely that they are involved in direct
contact with DNA. HCA is distal to the DNA binding surface and presumably contributes to global conformational
organization of the E1DBD. HCB is positioned beneath the DNA contact surface and we propose that it serves as an anchorINTRODUCTION
The bovine papillomavirus E1 protein is a hexameric
helicase (Fouts et al., 1999; Sedman and Stenlund, 1998;
Seo et al., 1993b; Yang et al., 1993) that also possesses
sequence-specific DNA binding activity (Chen and Sten-
lund, 1998; Leng et al., 1997; Sarafi and McBride, 1995;
Sedman et al., 1997; Wilson and Ludes-Meyers, 1991).
While E1 alone can recognize an 18-bp sequence ele-
ment in the viral origin, numerous studies have shown
that assembly of an E1-DNA complex at the origin is
cooperatively enhanced by E1 interaction with viral E2
protein (Berg and Stenlund, 1997; Mohr et al., 1990;
Sanders and Stenlund, 1998; Sedman and Stenlund,
1995; Seo et al., 1993a; Winokur and McBride, 1996).
Initially, two molecules of E1 are recruited to its binding
site by cooperative interaction with an E2 dimer bound to
E2BS12 (Sanders and Stenlund, 2000). Additional E1 mol-
ecules assemble through E1–E1 interactions that are
stabilized by ATP, leading to a trimer of E1 dimers and the
displacement of E2. Ultimately, in a still poorly charac-
terized process, further assembly of E1 molecules leads
to the formation of a bilobed, double hexamer that func-
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52tions as a mobile helicase. The DNA in this complex
appears to maintain a straight path through the center of
the hexameric ring of E1 molecules (Fouts et al., 1999;
Liu et al., 1998). Though the assembly steps are some-
what different, the SV40 T antigen forms a similar double
hexamer helicase structure (Sanmartin et al., 1997;
Smelkova and Borowiec, 1998; Weisshart et al., 1999).
While the assembly of the final double hexameric E1
structure is complex and only partially understood, point
mutations that impair DNA binding activity are defective
for DNA replication, confirming that this activity is essen-
tial for E1 function (Gonzalez et al., 2000; Thorner et al.,
1993). Truncation studies mapped the DNA binding do-
main of E1 (E1DBD) to approximately residues 150–300
of the 605 amino acid protein (Ferran and McBride, 1998;
Leng et al., 1997; Sarafi and McBride, 1995; Thorner et al.,
1993), and this region retains origin-binding function
when expressed as an independent polypeptide (Chen
and Stenlund, 1998; Leng et al., 1997). Within the DBD,
critical amino acids for DNA binding activity reside in two
predicted hydrophilic regions, HR1 and HR3 (Gonzalez et
al., 2000). Solution of the E1DBD crystal structure re-
vealed that HR1 is located in an ordered loop, while HR3
forms part of alpha helix 4 (Enemark et al., 2000). Theor platform device to stabilize the DNA-binding element. A
position in the T antigen DBD and likely serves a similar fu
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loop and helix are juxtaposed on the surface of the
E1DBD and together appear to form a DNA-contact sur-compa
nction
face. In our subsequent analysis of a large series of
randomly generated mutations in the E1DBD, the major-
ity of mutations that impaired DNA binding mapped to
HR1 and HR3, confirming the importance of these two
regions for DNA interaction (West et al., 2001). However,
critical residues in HR3 were less surface accessible
than those in HR1 and we proposed that base-specific
contacts were more likely contributed by amino acid side
chains in the HR1 loop than in the HR3 helix (Fig. 1).
In addition to mutations in HR1 and HR3, our previous
study of random mutations also identified hydrophobic
residues F175, V193, and V246 as critical for DNA bind-
ing activity (West et al., 2001). Nonpolar residues can
contribute to protein function by forming hydrophobic
cores that are critical for global protein folding and sta-
bility (Desjarlais and Handel, 1999; Paluka and Sauer,
1989; Shortle and Meeker, 1986), or by acting as surface
patches which mediate protein–protein interactions
(Clark et al., 1993; Finnin et al., 1997; Kussie et al., 1996).
Furthermore, there is direct evidence of a role for hydro-
phobic residues in some protein–DNA interactions. Res-
idue V237 of T7 RNA polymerase contributes to se-
quence-specific DNA binding and unwinding by interca-
lating between bases at positions 4 and 5 of the T7
promoter (Cheetham et al., 1999). Likewise, a pair of
consecutive hydrophobic residues (W464 and F465) in
the DNA-binding domain of the Epstein–Barr virus repli-
cation factor EBNA1 seem to be involved in widening the
EBNA1-binding site minor groove by 2–3 Å to allow
sequence-specific DNA recognition (Ceccarelli and
Frappier, 2000). To more fully explore the role of hydro-
phobic residues in E1DBD function, we characterized
additional mutations at hydrophobic residues distributed
throughout the E1DBD structure. Combined with our ear-
lier study, the new results suggest that there are two
hydrophobic core clusters critical for E1 binding function.
RESULTS
Alanine mutagenesis identifies additional hydrophobic
residues critical for E1 DNA-binding activity
We previously demonstrated that mutation of nonpolar
residues F175, V193, and V246 in the isolated E1DBD
(residues 121–311) completely abrogated DNA binding
function (West et al., 2001). However, examination of the
E1DBD crystal structure suggests that a direct DNA
contact role for these three residues is unlikely (Fig. 1).
While V246 is located near the DNA contact surface, both
F175 and V193 are more distal, and all three residues
have limited surface accessibility. This limited surface
accessibility also makes a role for these residues in
E1–E1 interaction unlikely. Based on their locations in the
E1DBD structure, these hydrophobic residues more
likely affect DNA binding through an effect on tertiary
FIG. 1. Location of critical hydrophobic residues in the E1DBD structure. A space-filling model of the E1DBD crystal structure is shown (Enemark
et al., 2000). The arrows point to three hydrophobic residues (in green) shown to be critical for DNA binding activity in a previous study (West et al.,
2001). Blue and red residues indicate the HR1 and HR3 regions, respectively, which form the DNA contact surface.
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structure. To further evaluate the role of nonpolar amino
acids in DNA binding activity, site-directed mutagenesis
was used to create alanine substitutions at six additional
hydrophobic residues (V196, F197, F217, F237, L249, and
F276) distributed throughout the E1DBD (Fig. 2). A valine-
to-alanine substitution was also made at V246 since the
original mutation at this position introduced an aspartic
acid and we wanted to eliminate the effect of charge
introduction at this position.
The alanine substitution mutations were constructed
in pGAD424-E1DBD and transformed into the yeast re-
porter strain to assess in vivo DNA binding activity (Fig.
2). The GAL4 transactivation domain is fused to the
E1DBD in this construct and activates a LacZ reporter
gene when a binding-functional E1DBD is present. Two
additional mutants were tested along with alanine-sub-
stitution mutants, I268S and F278S. These latter two
mutants were identified originally in -galactosidase-
positive yeast colonies from the screen of a random
mutant pool in a previous study (Gonzalez et al., 2000).
Three independent clones from each transformation
were selected and assayed for -galactosidase activity.
All of the mutants, except F237A and F276A, induced
-galactosidase, indicating that they retained site-spe-
cific DNA binding activity in vivo; fusion protein expres-
sion by F237A and F276A was verified by Western blot-
ting (not shown). In contrast to the original V246D mutant
which was completely defective for DNA binding (Gonza-
lez et al., 2000), V246A was active in vivo. Since the size
and shape of the side chains are similar for valine and
aspartic acid residues, the increased function with an
alanine substitution is consistent with the charge on
aspartic acid being inimical to binding activity.
In vitro DNA binding by hydrophobic residue mutants
of E1DBD
The in vivo binding assessed by the yeast one-hybrid
assay is only semiquantitative as differences in fusion
protein expression levels are difficult to quantitate and
the linearity of the transcriptional response is uncertain.
To assess the interaction of the hydrophobic residue
mutants with the E1-binding element quantitatively, the
mutant E1DBD open reading frames were subcloned
from pGAD424-E1DBD into pGEX-5X-1 for purification of
GST-E1DBD fusions from Escherichia coli (Fig. 3A). The
bacterially purified proteins were subsequently assayed
in an in vitro electrophoretic mobility shift assay (Fig. 3B).
At 10 ng input protein, a complex of wild-type protein with
the DNA probe was readily observed. Mutants V196A
and F217A bound equally well or better than the wild-
type E1DBD, while mutants F197A, V246A, and L249A
bound less efficiently. None of these five mutant proteins
bound to a control substrate lacking the E1BS (not
shown), indicating that they all retained site-specific
binding capacity. In contrast, mutants F237A and F276A
did not display any DNA-binding activity, even at higher
protein concentrations (not shown), confirming the in vivo
results. These in vitro results confirm that the yeast
one-hybrid system is sensitive for discriminating be-
tween mutants retaining at least minimal binding activity
FIG. 2. In vivo DNA binding of E1DBD mutants in yeast. Plasmids expressing GAL4 activation domain–E1DBD fusions were transfected into the
yeast reporter strain and assayed for -galactosidase activity as described under Materials and Methods. Shown are three independent transfor-
mants for each plasmid. Plasmid pGAD424 expresses the unfused GAL4AD, while pGAD424-E1DBD expresses the GAL4AD fused to the wild-type
E1DBD. E1DBD mutants are as labeled. On the right is shown the E1DBD structure with the positions of the mutated residues indicated.
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and those that are completely defective for E1–DNA
interaction.
We previously demonstrated that some E1DBD muta-
tions with little or no apparent DNA-binding activity when
tested alone could still form E1–E2–DNA complexes
(Gonzalez et al., 2000). Under these assays conditions
with wild-type E1DBD, formation of the ternary complex
exhibited cooperativity and was dependent upon the
presence of the E1BS (data not shown). When the E2
protein was added to the in vitro DNA-binding reactions
with the E1DBD hydrophobic residue mutants, E1–E2–
DNA complexes formed with mutants V196A, F197A,
F217A, V246A, and L249A, though interaction with V246A
was very weak (Fig. 4). However, no such complexes
were observed for mutants F237A and F276A, indicating
either that they are unable to interact with E2 or that their
DNA-binding ability is so impaired that even interaction
with E2 is insufficient to facilitate complex formation.
Note that there consistently was a faint background band
in control lanes 14 and 21 at the position of the E1DBD–
E2–DNA complex. This band is apparently due to E2
alone since it is not seen in the absence of E2 (lane 1, for
example), but the composition of this complex is un-
known. Quantitation of multiple experiments confirmed
that the faint bands seen with F237A (lanes 10 and 11)
were never higher than the background seen with E2
alone, while V246A consistently gave greater than back-
ground levels. We conclude from the in vitro and in vivo
results that residues F237 and F276, similar to residues
FIG. 3. In vitro DNA binding of E1DBD mutants to a sequence-
specific probe. (A) Coomassie-stained SDS–10% polyacrylamide gel
showing bacterially purified GST–E1DBD fusion proteins. Mutants are
as labeled. (B) Electrophoretic mobility shift assay of GST–E1DBD
fusion proteins. Ten nanograms of each protein (except for mutant
F276A which was at 6 ng) were incubated with a 50-bp radiolabeled
probe containing the E1 binding site. Protein–DNA complexes formed
in the reactions were resolved on a nondenaturing 8% polyacrylamide
gel. The protein used for the binding reaction is indicated above each
lane.
FIG. 4. Cooperative DNA binding of GST-E1DBD fusion proteins with E2. DNA binding by wild-type and mutant GST–E1DBD proteins in the presence
of E2 protein was assessed by the electrophoretic mobility shift assay described in Fig. 3. The amounts of E1DBD proteins used are as follows: 0
ng in lanes 14 and 21; 3 ng in lane 19; 5 ng in lanes 1, 2, 8, 12, and 15; 6 ng in lane 20; 10 ng in lanes 4, 6, and 10; 15 ng in lanes 3, 9, 13, 16, and
17; and 30 ng in lanes 5, 7, 11, and 18. Lane 1 received no E2, and lanes 2–21 had 20 ng each of E2. Free DNA probe and different types of protein–DNA
complexes are as labeled.
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F175 and V193, are critical for formation of stable
E1DBD–DNA complexes. In contrast, residue V246 is
more tolerant of substitution since the alanine replace-
ment exhibited modest binding activity.
DNA replication in CHO cells
While the majority of mutants examined above re-
tained significant origin binding activity, they might still
be defective for other functions required for viral DNA
replication. Consequently, the various substitution muta-
tions were transferred to full-length E1 in the heterolo-
gous expression vector, pCGEAG-E1, to evaluate in vivo
replication activity. Chinese hamster ovary (CHO) cells
were transfected with a mixture consisting of a mutant
E1-expressing vector, an E2-expressing vector (pCGE2),
and a BPV origin-containing plasmid, pBOR. Plasmid
DNA was harvested at 48, 72, and 96 h posttransfection
for analysis by Southern blotting (Fig. 5A), and replicated
DNA was quantitated with a phosphorimager (Fig. 5B).
By 96 h posttransfection, mutants V196A, F197A, and
V246A exhibited only moderate reductions in replication
ability, and mutant L249A was essentially wild-type. Mu-
tant F217A supported mildly enhanced DNA replication,
though whether this reflects the modest increase in its in
vitro DNA-binding activity seen in Fig. 3, increased in vivo
expression, or some other undefined property remains to
be determined. Mutants I268S and F278S were some-
what more impaired, but still exhibited significant repli-
cation activity at 30–40% of wild-type levels; the in vitro
DNA-binding ability of these two mutants has not been
determined and the decreased replication may correlate
with reduced E1–DNA interaction. Only mutants F237A
and F276A were completely defective for in vivo replica-
tion, consistent with their total inability to form E1–E2–
DNA complexes in vitro. From these results it is clear
that most of the hydrophobic residues tested are not
absolutely critical for E1 function and that only F237 and
F276 make essential contributions to binding and repli-
cation activity.
Correlation of hydrophobicity with replication function
The above studies with alanine substitutions at se-
lected phenylalanines and valines suggest that side-
chain hydrophobicity may be an important feature at
certain residues. To examine this possibility, the replica-
tion activity of pairs of mutations with different degrees of
hydrophobicity was compared at three residues: F197,
F237, and V246 (Fig. 6). F197L was essentially wild-type
for replication activity and there was only a slight de-
crease in function with the alanine substitution, indicat-
ing that hydrophobicity is not a major issue at this resi-
due. In contrast, F237L was already 50% impaired and
conversion of this phenylalanine to alanine eliminated
detectable replication activity. Similarly, V246A was quite
functional while conversion to an aspartic acid at this
position abrogated replication completely. Since the side
chains of aspartic acid and valine are spatially similar,
introduction of the hydrophilic negative charge is the
most likely explanation for the greater defect of aspartic
acid compared to the alanine substitution. Consistent
with this conclusion, substitution of V246 with a posi-
tively charged lysine residue also completely abrogated
DNA-binding activity in the yeast one-hybrid assay (data
not shown). Overall, the combined results support a
requirement for hydrophobic character at positions 237
and 246.
DISCUSSION
This study evaluated the contribution of hydrophobic
amino acids to the DNA-binding function of E1 protein.
Binding activity was assessed both in vivo and in vitro
and also indirectly by the ability of mutant E1 proteins to
support origin replication in vivo. The combined results
from this study plus those from a previously published
report are summarized in Table 1. Twelve hydrophobic
residues were examined and five were found to be crit-
ical for site-specific DNA binding: F175, V193, F237, V246,
and F276. W277 is also essential for DNA-binding activity
in vivo (not shown), but has not yet been tested for in vitro
binding or replication function. At two of these critical
residues alternative mutations differing in intrinsic hydro-
phobicity have been compared, and functional activity
declined with decreasing hydrophobicity. While it is dif-
ficult in mutational experiments to rule out other contri-
butions of side-chain size and conformation, the results
are consistent with the critical residues requiring a hy-
drophobic character for maintaining E1DBD function.
The remaining six hydrophobic residues tested, V196,
F197, F217, L249, I268, and F278, all exhibited significant
DNA-binding and replication ability when mutated.
Therefore, these six residues did not appear to contrib-
ute greatly to DNA interaction.
Examination of the locations of the critical and non-
critical hydrophobic residues in the E1DBD-tertiary struc-
ture revealed several interesting features (Fig. 7). First,
none of the noncritical residues was situated in proximity
to the DNA contact surface. Additionally, the noncritical
residues were more peripherally located on the structure
where they seem unlikely to impact overall conforma-
tional folding of this domain. In contrast, the critical
hydrophobic residues were positioned more internally
and formed two clusters separated by the 1 and 4
sheets. The cluster containing F175, V193, F276, and
W277 is located fairly distal to the DNA binding surface
and all four amino acid side chains of these residues are
oriented inward toward each other forming a hydropho-
bic core (designated HCA for hydrophobic cluster A).
Based on the location and configuration of HCA, it is
doubtful that this cluster makes any direct contact with
DNA. Buried hydrophobic core structures which do not
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directly contact DNA are also found in several other
types of DNA-binding proteins such as those containing
high mobility group (HMG) domains and winged helix
domains (Gajiwala et al., 2000; Travers, 2000). Typically,
such hydrophobic cores provide an architectural frame-
work for protein folding (Lazar and Handel, 1998). Con-
sequently, mutations in HCA probably impair DNA bind-
ing through a global structural distortion rather than
through abrogation of a direct interaction with DNA.
The second group of critical nonpolar residues, F237
and V246, is located directly beneath the DNA contact
surface formed by the HR1 loop and the alpha 4 helix.
FIG. 5. In vivo DNA replication of full-length E1 mutants in CHO cells. (A) Southern blot of Hirt-extracted plasmid DNA from CHO cells transfected
with vectors for E1 and E2 expression, and a vector containing the bovine papillomavirus origin, pBOR. E1 mutants used and the harvest time points
in hours posttransfection are indicated above the lanes. All samples shown were DpnI digested to fragment unreplicated input DNA and were probed
with radiolabeled HindIII-linearized pBOR. The negative control (lanes 1–3 and 21–23) had wild-type E1 and E2 with a pUC18 plasmid DNA instead
of pBOR. Lanes marked M were loaded with 10 and 100 pg of HindIII-linearized pBOR. (B) Replicated DNAs from Southern blots as in A were
quantitated with a Phosphorimager. Averages of at least two experiments are shown for each sample.
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Examination of the residues spatially proximal to F237
and V246 revealed that W192 and L263 are oriented such
that these four residues again form a hydrophobic
pocket (Fig. 8). We designate these four residues HCB for
hydrophobic cluster B. W192 is 100% conserved in 46
other human and animal papillomavirus E1 proteins ex-
amined; the other three positions were highly conserved
and where substitutions occur, hydrophobicity is main-
tained. Interestingly, SV40 T antigen likewise has a se-
ries of four hydrophobic residues in a similar position
relative to its DNA-binding surface, though the functional
contributions of hydrophobicity at these residues has not
been determined (Luo et al., 1996; Fig. 8). Nonetheless,
the occurrence of similar hydrophobic clusters in both
DNA-binding proteins, coupled with the sequence con-
servation in papillomaviruses, is consistent with a com-
mon function. Since neither of these clusters in the
E1DBD or the T antigen DBD has much surface acces-
sibility, a direct role in DNA contact is again unlikely. One
possible function suggested by their locations is that
these hydrophobic clusters serve as a platform or anchor
for the overlaying DNA contact surface structures. Spe-
cifically, interaction between E1DBD residue V246, which
is part of alpha helix 4, and the other three hydrophobic
residues may help fix the position of the alpha 4 helix.
Residue I208 in the T antigen DBD is analogous to
E1DBD residue V246 and could similarly act to position
the corresponding T antigen helix. Thus for each protein,
mutations which decreased the hydrophobic interactions
between the four core residues could result in subtle
destabilization or positional alteration of the DNA-bind-
ing surface with resultant loss of DNA-binding ability. It is
interesting that the replication effects of alanine substi-
tution are so different for F237 and V246: F237A was
completely defective while V246A was only slightly im-
paired. It may be that the slight binding ability of V246A
is sufficiently above some threshold requirement to fa-
cilitate nearly normal activity in vivo, while the complete
absence of binding by F237A cannot support even min-
imal replication function.
The results presented here are consistent with a critical
hydrophobic core device necessary for functionality of the
E1DBD. The hydrophobic core appears to have two clus-
ters, HCA and HCB, and whether or not there is interaction
between the clusters is uncertain. Both clusters have lim-
ited exposure on the surface of the E1DBD, suggesting that
their functional contribution is to conformational organiza-
tion rather than direct DNA interaction. In particular, HCB is
located beneath the DNA contact surface and likely plays
an important role in orienting and stabilizing the loop-helix
motif for presentation to the DNA.
MATERIALS AND METHODS
Plasmids and mutant construction
The construction of plasmid pGAD424-E1DBD which
expresses a Gal4 activation domain-E1DBD fusion was
previously described (Gonzalez et al., 2000). The E1DBD
polypeptide in these studies consists of residues 121–
311 of the E1 protein. Plasmid pCGEAG-E1, which ex-
presses full-length E1 from a CMV promoter, was kindly
provided by A. Stenlund. Site-directed mutagenesis of
selected hydrophobic residues in both plasmids was
performed with the Stratagene QuikChange Muta-












(%WT)In vivo In vitro
F175S   2
V193M   2
V196A   65
F197L  NDa 100
F197A  weak 70
F217A   100
F237L  weak 50
F237A   2
V246A  weak 80
V246D   2
L249A  weak 100
I268S  ND 40
F276A   2
W277G  ND ND
F278S  ND 35
a Not determined.
FIG. 6. (A) Correlation between hydrophobicity and replication func-
tion. In vivo transient replication of pBOR was performed and quanti-
tated as in Fig. 5 using the indicated wild-type and mutant E1 proteins.
For the pUC18 sample, vectors expressing wild-type E1 and E2 were
transfected along with pUC18 rather than pBOR.
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V246A-TOP, 5-AGCAGAGAAACAGCCCGGAATCTGATG-3,
V246A-BOTTOM, 5-CATCAGATTCCGGGCTGTTTCTCTGCT-




stitutions are underlined. Mutations were verified by direct
DNA sequencing.
FIG. 7. Location of mutated hydrophobic residues on the E1DBD structure. Shown is the backbone structure of the E1DBD with the alpha helices
and the beta 4 sheet labeled. Hydrophobic residues discussed in this study are as labeled with their side chains depicted. Yellow residues make little
or no contribution to DNA-binding function, while green residues are critical for binding. The single red residue, W277, has only been tested in vivo
in the yeast one-hybrid assay, where it is essential for DNA binding activity.
FIG. 8. Comparison of hydrophobic residues underlying the DNA contact surfaces in the E1DBD and the T antigen DBD. The ribbon structures are
shown for each DBD. The four hydrophobic residues that appear to comprise a core beneath the DNA-binding surface are labeled and depicted with
their side chains visible.
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In vivo DNA-binding assay
Mutant and wild-type pGAD424-E1DBD plasmids were
transformed into the yeast E1BST-LACZ reporter strain
and analyzed for -galactosidase activity by colony-lift
filter assay as described previously (Gonzalez et al.,
2000; West et al., 2001).
In vitro DNA-binding assay
The mutant E1DBD regions from the pGAD424-E1DBD
plasmids were subcloned into pGEX-5X-1 for expression
of GST-E1DBD fusion proteins. Fusion proteins were
purified as described previously and assayed in vitro for
DNA binding activity by an electrophoretic mobility shift
assay (Gonzalez et al., 2000). The oligonucleotide sub-
strate for the gel shift, E1BS1-4, contained BPV nucleo-
tides 7926–29, including the E1BS, a portion of the AT-
rich region, and E2BS12. The control substrate was iden-
tical to E1BS1-4 except that the E1BS was replaced with
an unrelated 18-bp inverted repeat sequence.
In vivo DNA replication assay
Heterologous expression vectors pCGEAG-E1 and
pCGE2 at 1.0 and 0.1 g, respectively, were mixed with 1
g of the BPV origin-containing vector pBOR or 1 g
parental pUC18. Identical mixtures were made substitut-
ing each pCGEAG-E1 mutant for the wild-type expres-
sion vector. The combined DNAs were transfected into
Chinese hamster ovary cells using the lipofectamine-
transfection reagent (Gibco BRL). At 48, 72, and 96 h
posttransfection, plasmid DNA was harvested by Hirt
extraction and digested with DpnI and HindIII (New En-
gland Biolabs). DNA samples were electrophoresed on
an 8% agarose gel, blotted to a Nytran Supercharge
nylon membrane (Schleicher & Schuell) by Southern
transfer, and crosslinked to the membrane using a
Stratalinker (Stratagene). A pBOR probe was radiola-
beled using the Prime-a-Gene Labeling System (Pro-
mega) and hybridized to the membrane using Rapid Hyb
buffer (Amersham). Replicated DNA was quantitated with
a Phosphorimager.
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